ABSTRACT To cope with the exploding demand for higher data rate and the heavier asymmetry of downlink (DL) and uplink (UL) traffic, dynamic time-division duplex (DTDD) has been proposed, where the time resources can be adjusted dynamically between DL and UL transmission. However, the strict synchronization requirements in DTDD bring extra overhead. In this paper, a bidirectional dynamic network (BDN) with massive multiple input multiple output is studied, in which DL and UL transmission can occur simultaneously. Under imperfect channel-state information, the closed-form expressions for the UL achievable rates with maximum ratio combination (MRC) and zero-forcing (ZF) receivers as well as the DL achievable rates with maximum ratio transmission (MRT) and ZF beamforming are derived in both BDN and DTDD systems. Based on these expressions, we compare the spectral efficiency of BDN and DTDD systems. Numerical results show that the simulation results match well with the closed-form expressions in both BDN and DTDD systems. Furthermore, BDN is more spectral efficient than DTDD. ZF achieves better performance in spectral efficiency than MRC and MRT.
I. INTRODUCTION
Ever growing use of smart phones, tablets, laptops and other data-hungry applications leads to an exploding demand for high data rate [1] , [2] . On the other hand, the uplink and downlink traffic are asymmetric and time-varying [3] . Furthermore, the traffic features may be more extreme in the fifth generation mobile communication [4] . In order to meet these demands, it's necessary to develop new technologies and network architectures, which are more spectral efficient and more flexible to handle the dynamic and asymmetric traffic.
Some technologies have been considered in order to handle the heavy traffic asymmetry. Dynamic time-division duplex (DTDD) which enables common wireless resources to be split flexibly between uplink and downlink users is well-adapted to the asymmetric and varying traffic conditions [5] - [7] . In DTDD system, downlink and uplink transmission are separated in different time slots, and the time resources are dynamically adjusted between them. It is pointed out in [5] that DTDD offers a significant gain in spectral efficiency, but the improvement is limited by the high interference. In addition, the strict synchronization requirements bring extra overhead. Allowing downlink and uplink transmission to occur simultaneously in the same time-frequency resource is another way to solve the data transmission asymmetry problem [8] , [9] . An energy efficient beamforming precoder and a power allocation scheme were proposed in [8] . A bidirectional dynamic network (BDN) consisting of a baseband unit (BBU) and multiple remote radio heads (RRHs) has been proposed in [9] . In BDN, some RRHs perform downlink transmission and others perform uplink transmission at the same time. Each RRH can perform either uplink or downlink transmission decided by BBU dynamically. Furthermore, all downlink RRHs can jointly design precoders and transmit data symbols, and all uplink RRHs can jointly process the received data. Spectral efficiency and energy efficiency both in BDN and DTDD systems were analyzed in [9] and the results proved that BDN can achieve better performance than DTDD both in spectral and energy efficiency. But the analysis was based on the assumption that the BBU had perfect channel state information (CSI) and the number of antennas employed at RRHs approached infinity. Actually, the CSI is usually unavailable at BBU. Moreover the number of antennas that each RRH is equipped with is limited. Thus it's significant to study the spectral efficiency under imperfect CSI and limited number of antennas in BDN and DTDD systems.
In order to improve the spectral efficiency and solve the asymmetric traffic, here we consider a bidirectional dynamic network with massive multiple-input multipleoutput (MIMO). Massive MIMO becomes a promising technology to handle the explosive increase of the mobile data service [10] - [15] . Massive MIMO can provide a high data rate and communication reliability even with simple linear precoders or receivers owing to the unprecedented spatial degrees-of-freedom [16] . Furthermore, massive MIMO can bring resilience to imperfect CSI, which means that it still has an advantage of increasing spectral efficiency even under pilot contamination [17] . There are two approaches to massive MIMO : a large co-located antenna array and a geographically distributed array such as a cloud radio access network (C-RAN), which are non-conflicting and represent the two extremes of the Massive MIMO paradigm [18] , [19] . The increased macro-diversity gain and reduced access distance make distributed Massive MIMO have the benefits of improving spectral efficiency, system coverage and energy efficiency [20] - [22] . In this paper, we consider a BDN based C-RAN to take the advantage of the distributed massive MIMO.
In this paper, considering that BBU has the imperfect CSI, we derive the closed-form expressions for the uplink and downlink achievable rates in both BDN and DTDD systems. Simulation results show that BDN has significant spectral efficiency performance gains compared with the DTDD system. The main contributions are summarized as follows:
(i) We obtain the distributions of signal and interference powers by approximating the non-isotropic channel vector into an isotropic one, which is the prerequisite to analyze the spectral efficiency in BDN and DTDD systems. (ii) Considering both maximal ratio combination (MRC) and zero-forcing (ZF) receivers for uplink transmission and maximal ratio transmission (MRT) and ZF precoders for downlink transmission, we obtain the closedform expressions of the ergodic achievable rates under imperfect CSI in both BDN and DTDD systems, which are valid for arbitrary number of transmit antennas and number of users. These closed-form expressions enable the efficient evaluation of the benefits of BDN. (iii) We verify the closed-form expressions by Monte Carlo simulation, and draw insightful conclusions from the comparison between bidirectional dynamic network and dynamic TDD. The reminder of the paper is organized as follows. In section II, we introduce the system model including the system configuration, channel model, channel estimation and achievable rates in BDN and DTDD systems. The spectral efficiency is analyzed in section III. Numerical results are given in section IV. In section V we conclude the paper.
Notation: The following notation is used through the paper: Bold letters in lower case denote column vectors, x and in upper case denote matrices, X. I N is a N × N identity matrix. (·) T and (·) H denote the transpose and Hermitian transpose, respectively. C m×n denotes the set of m × n complex valued matrices. The absolute value of a scalar x is denoted as |x| and the spectral norm of a matrix X is denoted as X . x ∼ CN (0, σ 2 ) means x is a circularly symmetric complex Gaussian random variable with mean zero and variance σ 2 . The expectation operator and variance operator are denoted as E[·] and var(·), respectively. E[·|·] denotes the conditional expectation operator. X ∼ (k, θ) means that the random variable X follows a Gamma distribution with shape parameter k and scale parameter θ . Nakagami(m, ) denotes Nakagami distribution with shape parameter m and controlling spread parameter .
II. SYSTEM MODEL
We consider a bidirectional dynamic network with massive MIMO based C-RAN consisting of a BBU pool, multiple RRHs, and numerous downlink (DL) users and uplink (UL) users. Each RRH can perform either DL transmission or UL transmission decided by BBU. In BDN, some RRHs can perform DL transmission and others can perform UL transmission at the same time. All DL RRHs can jointly design precoding vectors and transmit data symbols, and all UL RRHs can jointly process the received data. This paper assumes that the CSI is unknown to BBU, so BBU needs to estimate the CSI to perform uplink and downlink transmission.
A. SYSTEM CONFIGURATION
We consider a BDN system with N circularly distributed RRHs denoted by the set N , including µN UL and (1 − µ)N DL RRHs. DefiningN = µN , then N UL = {1, · · ·N } and N DL = {N +1, · · · , N } denote the set of uplink and downlink RRHs indices, respectively. Each RRH is equipped with M antennas. There are K randomly distributed single-antenna users denoted by the set K, including K UL UL and K DL DL users. With the definitionK = K UL , the set of uplink and downlink users indices can be denoted by K UL = {1, · · · ,K } and K DL = {K + 1, · · · , K } respectively. An example is shown in Fig.1 . There are four DL RRHs, two UL RRHs, two DL users and one UL user in the system.
B. CHANNEL MODEL
It is assumed that the transmission is over frequency-flat fading channels and the system operates in TDD mode. Then the channel vector from the k-th user to all of the RRHs is denoted as
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where
n,k s n,k represents the large-scale fading between the k-th user and the n-th RRH, α is the path loss exponent, d n,k is the distance from the k-th user to the n-th RRH, c is the median of the mean path gain at a reference distance d n,k = 1km, the s n,k is the log-normal shadow fading variable, and h k ∈ C MN ×1 is an uncorrelated small-scale fast fading vector drawn as h k ∼ CN (0, I MN ). In other words, we have g k ∼ CN (0, k ).
C. CHANNEL ESTIMATION
Pilot sequence aided transmission is employed to enable BBU to perform channel estimation. During the pilot phase, all of the RRHs perform uplink transmission and all users simultaneously transmit pilot sequences of length τ . It is assumed that the pilot sequences of K users are pairwisely orthogonal, which requires τ ≥ K . Similar to [23] , considering the minimum mean-square error (MMSE) channel estimation, the equivalent estimated channel from the k-th user to all of the RRHs is given bŷ
σ 2 is the variance of the uncorelated noise, p u denotes the average transmit power of each uplink pilot symbol, τ u represents the length of pilot sequences,
represents the equivalent Rayleigh fading part of the estimated channel. Furthermore, from the orthogonal property of the MMSE estimation, the channel g k can be decomposed as 
k is the uncorrelated estimation error which is statistically independent ofĝ k due to the joint Gaussianity of both vectors.
Then the estimated channel matrix between all users and all RRHs can be presented aŝ
e i is a vector whose i-th element is 1 and others are 0. The relationship between c, i, j, p, q andĜ c is shown in Table 1 .
D. ACHIEVABLE RATES IN BDN SYSTEM
The received signal transmitted by the k-th user can be given by
whereK UL = {k |k ∈ K UL , k = k}, ρ ul and ρ dl are the transmission power of an uplink user and downlink transmission power respectively, x k is the data symbols transmitted by user k and s l is the data symbols tramsmitted by RRHs for user l respectively, and n ul ∼ CN (0, σ 2 ul I µMN ×µMN ) is the complex additive white Gaussian noise (AWGN) vector. g k,ul denotes the uplink channel between all UL RRHs and UL user k, and it can be decomposed as
whereĝ k,ul is the k-th column ofĜ 1 , andẽ k,ul is the estimation error. The concurrence of uplink and downlink transmission causes the UL RRHs to receive the data symbols transmitted by DL RRHs. The channel matrix between UL RRHs and DL RRHs is denoted as C ∈ C µMN ×(1−µ)MN , where
c i,j ∈ C M ×M denotes the channel from the UL RRH i to the DL RRH j, and according to [24] it can be denoted as
where ξ
is the large-scale fading, ξ i,j is the distance between the UL RRH i and the DL RRH j, ε is the path loss exponent, and q i,j ∼ CN (0, I M ) represents the uncorrelated small-scale fading.
For uplink transmission, this paper pays attention to two linear receivers of practical interest, namely MRC and ZF, which are denoted as
. For downlink transmission, this paper considers two linear beamforming precoders, namely MRT and ZF, which are defined
whereĝ l,dl is the l-th column ofĜ 4 , and f l is the k-th column
. The parameter ζ 1 normalizes the average transmit power per user to (ζ 2 1 /K )E l∈K DLĝ H l,dlĝ l,dl = 1. Treating the interference including noise as worst-case Gaussian distributed noise [25] , we can obtain the ergodic achievable rate of the k-th user which is given by
In the downlink transmission, the received signal of the l-th user is given by
whereK DL = {i|i ∈ K DL , i = l}, s l ∼ CN (0, 1) is the data transmitted to user l, n dl ∼ CN (0, σ dl ) is the complex additive white Gaussian noise, and g l,dl denotes the downlink channel between all DL RRHs and DL user l, which can be decomposed as
whereẽ l,dl is the estimation error.
Here u l,k represents the channel between DL user l and UL user k, which can be denoted as
where p l,k ∼ CN (0, 1) is the uncorrelated small-scale fading, v l,k is the distance between DL user l and UL user k, and ι is the path loss exponent. Assuming the channel between DL users and UL users has non-line-of-sight propagation, hence ι is larger than α [26] . Assuming that users have no estimation of the channel, so DL users can only use the statistical properties of the channel which are known to them to detect the signal. This paper provides an ergodic achievable rate of user k based on [23] . The received data can be rewritten as
wheré
Considering that √ ρ dl E g H l,dl l s l is the only desired signal, and treatingń dl as worst-case Gaussian distributed noise [18] , [27] , the ergodic achievable rate of user k is given by
E. ACHIEVABLE RATES IN DTDD SYSTEM
In dynamic TDD system, each frame with a length of T can be dynamically allocated to either uplink or downlink transmission with ratio ϑ, where 0 < ϑ < 1, i.e. all of the N RRHs simultaneously perform UL transmission in time period ϑT and DL transmission in time interval (1 − ϑ)T . In the uplink transmission, the k-th element of the received signal can be presented as
where ρ ul and x k have the same definition with the description in BDN system. n ul ∼ CN (0, σ ul I MN ) is the noise vector. v k is the linear receiver, which is defined as
wherein z k is the k-th column ofĜ u Ĝ H uĜ u
Compared with (6), we can find that the difference is the received signal has no downlink-to-uplink interference in DTDD system. Similar to BDN system, we can obtain the achievable rate of user k which can be given by
In downlink transmission, the received signal of user l is presented as
where ρ dl , s l and n dl have the same definition with the description in BDN system. ω l is the beamforming vector, which is defined as
whereinz l is the l-th
T 4 ] T . ζ 2 is also a power normalized parameter. Assuming that DL users use the statistical properties of the channel to detect received signal, and similar to BDN, we can have the ergodic achievable rate of user l given by
In this section, the channel model and the estimation of channel have been given; the uplink achievable rates with ZF and MRC and the downlink achievable rates with ZF and MRT have been obtained in both BDN and DTDD systems. In next section, based on the channel estimation (2), we analyze the spectral efficiency by using the achievable rates presented in (12), (18), (21) and (24).
III. SPECTRAL EFFICIENCY ANALYSIS
In this section, we carry out spectral efficiency analysis based on the achievable rates (12), (18) , (21) and (24) . To derive the closed-form expressions of the achievable rates, we first give the isotropic approximation for the non-isotropic channel vector in bidirectional dynamic network. Some lemmas about the projection of isotropic vector are stated to help give the isotropic approximation.
Lemma 1 [18] : If a random isotropic vector x follows that x ∼ CN (0, σ 2 I M ), then x H x is distributed as (M , σ 2 ) .
For the channel estimation described in SectionII-C, we can haveĝ
which is the summation of N independent but non-identically distributed entries. Under lemma 1, the n-th entry in (25) is distributed as (M , β 2 n,k ). But the exact distribution of the sum of independent but non-identically distributed Gamma random variables does not yield a mathematically tractable expression. So we employ the second-order matching technique to get the approximation distribution of (25) .
Lemma 2 [28] : {x i } are a set of independent random variables, each term distributed as (k i , θ i ). Then, i x i has the same first and second order statistics as a Gamma random variable distributed as (k, θ), wherein
Remark 1: The approximation distribution of (25) can be obtained by using Lemma 2. The distribution ofĝ H kĝ k can be presented as (k s , θ s ), wherein
Based on the analysis above, the closed-form expressions of ζ 2 1 and ζ 2 2 can be given by
Lemma 3 [18] : For an m-dimensional non-isotropic vector distributed as (k, θ), when projected onto an s-dimensional subspace, the distribution of the projection power can be approximated as (sk/m, θ).
Remark 2: The dimension of the channel vector is µMN and (1 − µ)MN for each uplink and downlink user in BDN, respectively. From the perspective of each user, each intended beam lies in a µMN − K UL + 1 and (1 − µ)MN − K DL + 1 dimensional space with ZF receivers and ZF beamforming, respectively, whereas any independent vector lies in a one-dimensional space [29] , [30] .
Under the lemmas above, this paper analyzes the spectral efficiency both in BDN system and DTDD system. The theorems and corollaries provide the closed-form expressions for the uplink achievable rates with MRC and ZF receivers and downlink achievable rates with MRT and ZF beamformers.
Theorem 1: The closed-form expression for the uplink achievable rate of UL user k with MRC receiver and MRT precoder in BDN system is given by
The proof is given in Appendix A. Theorem 2: The closed-form expression for the uplink achievable rate of UL user k with ZF receiver and ZF precoder in BDN system is given by
The proof is given in Appendix B. In the two theorems presented above, B mrc ul and B zf ul represent downlink-to-uplink interference, i.e. interference caused by DL RRHs to UL RRHs. It can be seen that, the interference is dependent on the relative location of UL and DL RRHs. In order to mitigate the interference, the location of DL and UL RRHs should be selected carefully. Notably, this interference and noise are the main two factors in reducing spectral efficiency.
In DTDD system, all RRHs simultaneously perform UL transmission or DL transmission, so there is no interference between users or RRHs. Similar to the two theorems above, we can obtain the following two corollaries.
Corollary 1: The closed-form expression for the uplink achievable rate of UL user k with MRC in DTDD system is given by
Corollary 2:
The closed-form expression for the uplink achievable rate of UL user k with ZF in DTDD system is given by
Regarding downlink transmission, downlink users will receive data symbols from uplink users in BDN system. However there is no interference between users in DTDD system. The following theorems and corollaries give the closed-form expressions for achievable rates with MRT and ZF precoders in BDN and DTDD systems.
Theorem 3: The closed-form expression for the downlink achievable rate of DL user l with MRT in BDN system is given by
Theorem 4:
The closed-form expression for the downlink achievable rate of DL user l with ZF in BDN system is given by
Proof: The proof is given in Appendix C. In the two theorems given above, B mrt dl and B zf dl denote the interference between DL users and UL users. It can be seen VOLUME 6, 2018 that, the interference is decided by the relative location of DL user and UL user, uplink transmission power and the number of UL users. Notably, it's smaller than other interferences in general. In other words, the decrease of achievable rate caused by this interference is negligible Corollary 3: The closed-form expression for the downlink achievable rate of DL user l with MRT in DTDD system is given by
Corollary 4: The closed-form expression for the downlink achievable rate of DL user l with ZF in DTDD system is given by
m =tḱ dl ,´ =tḱ dlθdl , and
In this section, the isotropic approximation for the nonisotropic channel vector has been obtained; the closed-form expressions for the uplink achievable rates with ZF and MRC receivers and the downlink achievable rates with ZF and MRT precoders both in BDN system and DTDD system have been derived. In next section, we will verify the accuracy of these closed-form expressions.
IV. NUMERICAL RESULTS
In this section, the theoretical results presented in section III are validated through a set of Monte Carlo simulations. A circular area with radius R = 1 km is considered, and there are two uplink users and three downlink users which are randomly distributed in this area. The minimum access distance from users to RRHs is set as r 0 = 30 m. All RRHs are uniformly located on a circle of radius r = 500 m. In BDN system, the uplink RRHs and downlink RRHs are randomly selected. The path loss exponents α = 3.7, β = 3.7, ι = 4 are considered. In addition, ρ ul = 1 W, and ρ dl = 10 W. The noise signal powers are −84 dBm/Hz, i.e. σ 2 ul = σ 2 dl = −84 dBm/Hz. For a fixed N , we have to select suitable values of µ(0 < µ < 1) to make sure µN and (1 − µ)N are positive integers. Fig.2 depicts the simulated and theoretical spectral efficiency with MRC receiver for uplink and MRT precoder for downlink in BDN and DTDD systems against the number of antennas each RRH equipped with. The spectral efficiency is the sum rate, i.e.
for BDN and DTDD, respectively. For the rationality and fairness, the value of µ and ϑ should be chosen appropriately. In this paper, µ = ϑ = 0.5 gives the fairness to the comparison. Fig.2 validates the accuracy of the closed-form expressions (30), (34) for BDN and (32), (36) for DTDD. This figure reveals that as the number of antennas M increases, the spectral efficiency for both systems increases. Furthermore, BDN system has a better performance in spectral efficiency under the system configuration we mentioned. Although there is extra interference between UL RRHs and DL RRHs in BDN system, the spectral efficiency degradation caused by this interference is less than the reduction in DTDD due to the reducing time of uplink and downlink transmission, and massive MIMO can reduce the interference between RRHs by exploiting the asymptotic orthogonality of channels between uplink and downlink RRHs. In addition, the performance gap is becoming larger and larger as M increases. Fig.3 shows the simulated and theoretical spectral efficiency with ZF receiver for uplink and ZF precoder for downlink in BDN and DTDD systems against the number of antennas each RRH equipped with. The spectral efficiency is also the sum rate and µ = ϑ = 0.5 is assumed. It validates the accuracy of the closed-form expressions in Theorems 2, 4 for BDN and Corollary 2, 4 for DTDD, although there is a small mismatch between the simulated and theoretical spectral efficiency caused by the isotropic approximation of nonisotropic channel. Consequently, these closed-form expressions can be used in the following numerical work. Fig.4 illustrates the theoretical spectral efficiency with ZF and MRC receivers for uplink transmission and ZF and MRT precoders for downlink transmission against µ in BDN and against ϑ in DTDD system, respectively. The number of antennas each RRH equipped with is assumed as 80. We can conclude that no matter what µ or ϑ is, BDN has a better performance in spectral efficiency than DTDD system. Also, the sum rates increase first and then decrease with µ increasing and achieve the largest point when the value of µ is around 0.5 in BDN system. This is dependent on the number of downlink users and uplink users. Furthermore, ZF receivers and ZF precoders outperform MRC receivers and MRT precoders. Fig.5 presents the theoretical spectral efficiency with ZF and MRC receivers for uplink transmission and ZF and MRT precoders for downlink transmission in BDN and DTDD system against ρ dl , respectively. µ = ϑ = 0.5 and M = 80 are assumed. It can be concluded that although the sum spectral efficiency decreases with the ρ dl increasing in BDN system, BDN still outperforms DTDD in spectral efficiency when ρ dl is during 5 to 50 W. The decrease can be explained by the fact that as the downlink power increases, the interference between UL RRHs and DL RRHs becomes more and more serious, which leads to the reduction of the uplink achievable rate. Furthermore, the spectral efficiency is nearly constant in DTDD system.
V. CONCLUSIONS
In this paper, we analyzed the spectral efficiency in both BDN and DTDD systems. In order to get the estimated CSI between all RRHs and all users, we have assumed that all RRHs perform uplink transmission receiving pilot sequences from all users during pilot phase. Under imperfect CSI, the closedform expressions for uplink achievable rates with MRC and ZF receivers and downlink achievable rates with MRT and ZF beamforming were derived in both BDN and DTDD systems. Numerical results proved the accuracy of these closed-form expressions. Based on the expressions, we compared the spectral efficiency of BDN and DTDD systems. It can be seen that, BDN system provides better performance than DTDD system no matter what the value of downlink transmission power and the ratio µ/ξ is. Furthermore ZF can achieve better performance than MRT and MRC in both systems.
APPENDIX A PROOF OF THE THEOREM 1
To derive the closed-form expression of (12) with MRC receiver and MRT precoder, similar to [23] , the following four items need to be considered
For the first term, we have
(a) results from Remark 1.
Considering the second term, we first calculate
4 . Similar to (38), we have
Then the second term can be calculated by
(a) results from [31, Lemma 4 (ii)].
Similar to (40), the third term can be calculated by
.
Considering the last term, we first calculate
Then the last term can be obtained by
Then substituting (38), (40), (41) and (43) into (12) completes the proof.
APPENDIX B PROOF OF THE THEOREM 2
For ZF receiver and ZF precoder, similar to [23] , (12) can be approximated as (44), as shown at the top of the next page, then the following three terms
need to be calculated to derive the closed-form expression of (12) .
, from Remark 1, Lemma 3
and Remark 2, we have
, due to the orthogonality property of MMSE estimation, the estimation error e k ,ul and b k are independent. Thus, from Remark 1, Lemma 3 and Remark 2, we have 
wherein, c i is the i-th row of channel matrix C, and (a) is obtained because l and i are independent when l = i. Based on the independence of c i and l , from Lemma 3 we can obtain
Then, from Lemma 2, we can have
Similarly,
Thus, from Lemma 3, we can get
where k a = k c µMN , θ = θ c . Finally, based on the property of Gamma distribution, we can have
substituting (46), (48) and (58) into (12) yeilds the closedform expression (31) . The proof is completed.
APPENDIX C PROOF OF THE THEOREM 4
To obtain the closed-form expression of (18) 
Combining (59)- (62) concludes the proof.
